INTRODUCTION 1
INTRINSIC postzygotic reproductive barriers are a very common and important 2 phenomenon, driving the establishment and conservation of species (WIDMER et al. 2009). 3 They are observed as a reduction in the hybrids' fitness, evidenced by a reduced viability or 4 fertility. So far, a limited number of genes acting as postzygotic barriers have been identified 5 in Drosophila (BRIDEAU et al. 2006; MASLY et al. 2006; PHADNIS and ORR 2009; 6 PRESGRAVES et al. 2003; TANG and PRESGRAVES 2009; TING et al. 1998) , and in other animal 7 systems (LEE et al. 2008; MIHOLA et al. 2009; WITTBRODT et al. 1989) , but also in 8
Arabidopsis (BIKARD et al. 2009; BOMBLIES et al. 2007; JOSEFSSON et al. 2006 ) and rice 9 (CHEN et al. 2008; LONG et al. 2008) . 10
In rice improvement, hybrid inviability and sterility are major obstacles for the common 11 utilization of closely related species in breeding programs, impairing the exploitation of the 12 rich genetic diversity found within the Oryza sativa complex (known as genome group AA), 13 and the beneficial effect of the high level of heterosis observed in the F 1 plants. One of the 14 most relevant examples of this strong limitation comes from the African cultivated rice 15 species O. glaberrima Steud. This species represents an interesting source of drought 16 tolerance (SARLA and SWAMY 2005) , weed competitiveness (DINGKUHN et al. 1998) , 17 nematode and virus resistances (NDJIONDJOP et al. 1999; SORIANO et al. 1999) . Several of 18 these traits have been already mapped (LORIEUX et al. 2003; NDJIONDJOP et al. 2003) , 19 however, their introduction to O. sativa has been hampered by the strong sterility barrier 20 between the two species (SANO et al. 1979 ). This barrier is the result of several loci that might 21 interact or act separately to render the F 1 hybrids pollen sterile and partially female fertile. 22
Among these, the S 1 locus has the strongest effect over the fertility of the hybrids (SANO 23 1990) . 24
Despite the strong hybrid sterility, obtaining fertile plants derived from O. sativa x 1 O. glaberrima crosses has been possible by performing successive backcrosses followed by 2 selfing (GHESQUIÈRE et al. 1997) . Nevertheless, this fertility recovery is associated with the 3 presence of the homozygote O. glaberrima S 1 allele (S 1 g ), and is lost again when re-crossing 4
with O. sativa (HEUER and MIEZAN 2003) . Furthermore, a strong Transmission Ratio 5 Distortion (TRD) of markers linked with S 1 , in favor of the O. glaberrima alleles, results as a 6 consequence of the systematic elimination of the O. sativa alleles from the descendants 7 (ALUKO et al. 2004; DOI et al. 1998b; GHESQUIÈRE et al. 1997; LORIEUX et al. 2000) . 8
As an alternative intended to unlock the full potential of O. glaberrima to rice breeding, 9 the "iBridges" project, supported by the Generation Challenge Program 10 (http://www.generationcp.org) aims to develop a set of O. sativa x O. glaberrima hybrids that 11 would be fertile when crossed with O. sativa. In order to develop these interspecific bridges, 12 genetic factors affecting their fertility must be identified and characterized so as to better 13 understand the nature of the sterility barrier. Recently, the complex nature of the S 1 locus was 14 suggested, and the male component mapped to an interval equivalent to 45 kb on the genome 15 of O. sativa cv. Nipponbare (KOIDE et al. 2008c) . However, the nature and the genomic 16 positions of the components affecting female fertility are still unknown. 17
In this paper we describe the fine genetic and physical mapping of the female component 18 of the S 1 locus, using an approach based on the evaluation of the degree of TRD caused by the 19 elimination of the S 1 O. sativa alleles. This methodology enabled us to identify a 27.8 kb 20
interval on the short arm of the O. sativa chromosome 6 as the location of the female 21 component of the S 1 locus. Furthermore, the presence of additional factors involved in the 22 sterility barrier mechanisms was predicted, and their localization deduced. Direct comparison 23 of the S 1 interval in O. glaberrima with the O. sativa orthologous sequence revealed the 24 presence of several significant differences and a possible candidate factor. Based on our data, 25 chromosomes 3, 6 and 11, while the O. sativa alleles were more common than expected on 1 chromosomes 1, 2 and 7. 2 Based on marker information available from Gramene (LIANG et al. 2008) , markers 3 surrounding the different sterility loci between the two species were localized on the map. All 4 but two sites presenting fTRD (long arms of chromosomes 2 and 6) colocalized with the 5 different loci described so far (Figure 1 ). The strongest fTRD (P < 10 -5 ) was found at the S 1 6 locus. Nonetheless, several sterility loci did not colocalize with markers showing fTRD. 7
These results corroborate the relation between TRD and sterility loci. 8
Mapping of the female component of the S 1 locus by measuring the TRD: Recently, 9
Koide and colleagues (2008c) proved that the TRD of the Wx locus in pollen produced by 10 heterozygote plants for the S 1 region, was due to the abortion of gametes carrying the highly 11
linked O. sativa S 1 allele (denoted in this paper as S 1 s , is equivalent to S 1 a (SANO 1990) ). They 12 also inferred that the S 1 locus has at least two components, one controlling male TRD 13 (mTRD) and the other one fTRD. Additionally, the male component of the locus was mapped 14 to a 45 kb interval in the chromosome 6 of Nipponbare. 15
In order to map the female component of the S 1 locus, we applied an approach based on the 16 direct measurement of marker deviation from the expected Mendelian ratio, caused by the 17 elimination of female gametes carrying the S 1 s allele. Due to meiotic recombination, the 18 degree of TRD of a given marker would be inversely proportional to the genetic distance 19 between it and the distorter factor. By constructing a highly saturated genetic map around S 1 , 20 and measuring precisely the fTRD observed for each marker, it would be possible to restrict 21 the genomic location of the distorter factor, since the markers closest to S 1 would show the 22 highest fTRD. 23
In order to examine the fTRD level, a saturated genetic map was obtained by two 1 succeeding marker saturations in the S 1 region, the first one with approximately 2 1 SSR/100 kb, carried within the segment limited by the markers showing the highest fTRD 3 in previous works (RM190 and RM204 (LORIEUX et al. 2000) ), and the second one with 4 1 SSR/40 kb within the interval bounded by the two markers with the highest TRD 5 (RM19357 and RM1369). Using the 125 IR64xTOG5681 BC 1 F 1 population, an fTRD peak of 6 k f = 0.970 was found, limited by markers RM19357 and RM19367 (Figure 2A ). Based on this 7 data, the location for the female component of S 1 was attributed to an interval equivalent to 8 160 kb in the Nipponbare genome. 9
Mapping of the female component of the S 1 locus in the O. sativa ssp. japonica 10 background: As the O. sativa genetic background affects the level of female sterility caused 11 by S 1 (KOIDE et al. 2008c; SANO 1990) , it is necessary to analyze crosses involving both 12 indica and japonica to better understand the nature of the sterility barrier. For that purpose, 13 three O. sativa ssp. japonica x O. glaberrima BC 1 F 1 populations were developed, and the 14 chromosome 6 genetic map was constructed and saturated. 15
A peak in the fTRD of k f = 0.912 (limited by RM19353 and RM19367), k f = 0.911 16 (RM190-RM5199), and k f = 0.881 (RM19357-RM19367), was found for crosses CAxMG12 17 ( Figure 2B ), CUxCG14 ( Figure 2C ), and NIPxMG12 ( Figure 2D ), respectively. Also, 18 different levels of significant TRD were found in the centromeric region according to the 19
cross. This marker evaluation shows that the fTRD caused by S 1 is located in the same 20 genomic region in different O. glaberrima and O. sativa indica or japonica accessions, as it 21 involves the same molecular markers for all of the crosses. However, the degree of female 22 gamete elimination varies between the different japonica populations, and is lower than the 23 one found for the indica cross. 24
Construction of a physical map around the S 1 locus in O. glaberrima: In order to 1 compare the region between the two species, a physical map of the S 1 locus of O. glaberrima 2 was established. Twenty-six BAC clones from the O. glaberrima cv. CG14 BAC library were 3 chosen, based on the data available from the OMAP project (KIM et al. 2008) . PCR 4 amplifications with the same markers from the genetic map around S 1 confirmed that 14 5 belonged to the genomic region. A Minimum Tiling Path (MTP) of 8 clones (covering 800 kb 6 in the Nipponbare genome) was established after PCR confirmations of the overlaps between 7 the clones ( Figure 3A) . Based on the amplification profile, clone OG-BBa0049I08 was 8 selected for complete sequencing, as it contains the markers with the highest fTRD. The final 9 165 kb sequence for the BAC (EMBL accession number FP340543) was obtained with 10 12.5 X coverage and an error rate below 1 base per 100 kb. CUxCG14 and NIPxMG12 crosses, the values for k f were 0.911 (RM190-RMC6_22639) and 20 0.881 (RM19357-RM1967), respectively ( Figure 3D, E) . Consequently, the segment between 21 markers RM19357 and RM19359 was defined as the location for the factor affecting female 22 fertility of the hybrids. 23
In order to reduce the size of the candidate interval, the recombination events were 24 examined around the fTRD peak using additional markers designed for that purpose. 25 Surprisingly, recombination occurred within the same small segment for the three individuals 1 limiting each side of the interval ( Figure 3F ). This approach allowed us to reduce the S 1 2 female component interval to 27.8 kb in O. sativa and to 50.3 kb in O. glaberrima. This 3 segment is positioned within the interval described to contain the male component of the 4 locus (KOIDE et al. 2008c) . The fine mapping of the female component of S 1 indicates that the 5 factor(s) responsible for the female and male semi-sterility of the interspecific hybrids are 6 located in the same interval, in both O. sativa subspecies. Tables S3 and S4,  9 and in Figure S2 , respectively. 10
In order to study the sequence divergence of the S 1 locus, fine comparative genomic 11 approaches were carried out between CG14 and Nipponbare. Nucleotide sequences 12 surrounding the male component of the locus mapped by Koide (2008c) (between markers 13 E0506 and E1920) were extracted from both genomes and analyzed in detail (Figure 4 ). 14 Alignments of the 44.8 and 68.8 kb sequences showed an overall conservation of nucleotide 15 sequences, with breaks that expanded the O. glaberrima segment (Figure 4) O. glaberrima by the insertion of additional TEs and the predicted genes 49I08.7 and 8 49I08.75. All five collinear protein-coding genes showed a high conservation in gene 9 structure, as introns-exons were strictly conserved. The only exception occurred in the first 10 intron of gene 49I08.11, with the insertion of a 448 bp non-autononous transposon. All of the 11 orthologous genes within the segment were found to be highly conserved at the nucleotide 12 and protein levels, with sequence identities ranging from 96 to 100% and from 82.8 to 100%, 13 respectively. 14 The Ka/Ks rates were calculated for 17 of the orthologous predicted genes present in the 15 CG14 BAC and Nipponbare sequences (Table 2 and S4); the other genes were not analyzed 16 due to the absence of one of the orthologous genes, deep gene structure differences, or 17 because one of the two was annotated as a pseudogene. Most of the analyzed genes appeared 18 to be under purifying selection, with the exception of four genes outside the and for chromosomes 4, 5, and 11, in comparison with the genetic map obtained by Doi 16 (1998b) . Some of those differences could be explained by a rapid evolution of the sterility 17 barriers, generating different alleles of the incompatibility factors within species (SWEIGART 18 et al. 2007; WIDMER et al. 2009 ). Colocalization of fTRD sites with pollen sterility loci could 19 imply that these loci also have a role in female gamete development or in post-pollination, 20 since fTRD cannot be caused by loci affecting only male gametogenesis. Occurrence of fTRD 21 in genomic regions where no sterility loci have been described (chromosomes 2 and 6) could 22 be explained either by the existence of a new sterility locus segregating in this cross, or by 23 some mechanism other than gamete elimination biasing the segregation. The TRD in the long 24 arm of chromosome 6, which has also been described for another O. sativa x O. glaberrima 25 cross (LI et al. 2008a) , involves different markers in the two O. sativa subspecies (Figure 2) , 1 indicating that different factors may cause it. This observation would suggest that the regions 2 near and below the chromosome 6 centromere might contain polymorphic factors within the 3 species, possibly involved in the viability of gametes, zygotes, or endosperm in the O. sativa 4
x O. glaberrima hybrids. Interestingly, the same genomic regions have been reported to bear 5 loci for endosperm abortion, in hybrids between O. rufipogon and O. sativa (KOIDE et al. 6 2008b; MATSUBARA et al. 2003) , and of female and male gametes (KOIDE et al. 2008a) . It is 7 plausible that a related mechanism, or different alleles of the same loci work in hybrids of the 8 two cultivated rice species, as factors involved in reproductive barriers between different 9 species can be closely linked or be allelic (HU et al. 2006) . 10
Use of the fTRD as a method to map sterility loci: Hybrid sterility is a common 11 phenomenon in rice. However, only a few factors responsible for inter-or intraspecific 12 sterility have been fine-mapped (KOIDE et al. 2008c; LI et al. 2007; LI et al. 2006; LI et al. 13 2008b; ZHAO et al. 2007) , and only two have been recently identified (CHEN et al. 2008; 14 LONG et al. 2008) . Indeed, the mapping strategy that has been used requires isolating the 15 genetic region into near isogenic lines (NILs) and carrying out the production and phenotypic 16 analysis of many recombinant plants. 17 In order to reduce the time and effort to map sterility loci, we developed a simpler 18 approach that makes it possible to quickly fine-map these genes, based on the effect that they 19 have on their own segregation ratio (PHADNIS and ORR 2009 ). The approach is based on the 20 direct measurement of the TRD for each marker evaluated on a sequentially saturated map. 21
Due to the hitchhiking effect with the distorter locus (CHEVIN and HOSPITAL 2006) , the 22 variations on marker TRD are inversely proportional to the genetic distance between them 23 and the factor causing the distortion. This leads to a maximal TRD in the genomic region 24 containing the TRD locus (TRDL), which, in the case of S 1 , is the factor causing the allelic 1 elimination of gametes. 2 Different algorithms have been previously developed to predict the genetic positions of 3 TRDL (LORIEUX et al. 1995a; LORIEUX et al. 1995b; VOGL and XU 2000; ZHU et al. 2007) , 4
and their utilization allowed to find the approximate location of several TRDL in a whole 5 genome scale, showing a good colocalization of distorted markers with the predicted locations 6 for the TRDL (BOUCK et al. 2005; HALL and WILLIS 2005) . However, they sometimes fail to 7 detect the presence of TRDL in highly distorted locations (FISHMAN et al. 2001) . Our method 8 differs from these previous methodologies in that the use of sequential saturations achieving a 9 locally highly saturated map (in our case close to one marker per gene) makes the estimation 10 of the TRDL position unnecessary, since the highest TRD is a direct evidence of the 11 cosegregation with the distorter. 12
Additionally, this methodology has several advantages in comparison to the traditional 13 mapping strategies of sterility loci, which typically involve large, advanced backcross 14 populations evaluated for pollen and spikelet fertility. First, it is faster, as it is based on the 15 analysis of BC 1 F 1 or F 2 populations. Second, it is accurate as the TRD could be caused by the 16 gamete eliminator factor itself (PHADNIS and ORR 2009) . Third, the approach could be used to 17 fine-map not only hybrid sterility loci causing TRD, but also any TRDL located in a genomic 18 region with a good recombination ratio, as long as enough markers can be designed in the 19 species under study. However, its application is limited to cases where highly significant 20 differences in the level of TRD are observed. 21
The complex nature of the S 1 locus: The sterility barrier due to the S 1 locus has been 22 described to involve two separate components influencing male and female gametogenesis, 23 and unlinked modifiers that enhance fTRD on O. sativa ssp. indica (KOIDE et al. 2008c) . 24
Using our mapping methodology in four BC 1 F 1 populations, a region of 27.8 kb in O. sativa 25 cv. Nipponbare, and another one of 50.3 kb in O. glaberrima cv. CG14 were identified as the 1 location of the female component of the S 1 locus. Surprisingly, in indica and japonica this 2 component maps exactly within the interval where the male component was mapped (KOIDE 3 et al. 2008c ). This colocalization would indicate that a unique or two contiguous factors could 4 be involved in the elimination of male and female S 1 s gametes in both O. sativa backgrounds. 5
In the case of a single factor affecting both male and female gametogenesis, its expression or 6 function may be different, or it may interact with additional gene products in female 7 gametogenesis, in order to cause total elimination of S 1 s from pollen, and partial allelic 8 elimination in megagametophytes. 9
Based on the genotype of the surviving S 1 s female gametes, the presence of two linked 10 elements affecting their viability (S 1 A and S 1 B) was detected, and evidence for an additional 11 factor (S 1 C) was also found in one cross. Because S 1 alone is capable of inducing mTRD but 12 not fTRD (KOIDE et al. 2008c) , it is therefore possible that an epistatic interaction between 13 the conspecific alleles of S 1 , S 1 A and S 1 B might be the main cause of fTRD and female 14 sterility in O. sativa x O. glaberrima hybrids. In this scenario, the additional S 1 C factor would 15 have a supplementary deleterious effect over the S 1 s gametes, strengthening the interspecific 16 sterility barrier in certain crosses by reducing the viability of recombinant gametes (ORR and 17 TURELLI 2001) . The higher S 1 s elimination found in crosses involving TOG5681 with indica 18 and japonica accessions ( Table 1 ) may suggest that the elevated fTRD value does not depend 19 exclusively on the indica or japonica background as previously suggested, but also on the 20 presence of the S 1 C incompatibility found between certain O. glaberrima and O. sativa 21 accessions. Nevertheless, this concept needs confirmation due to the low number of plants 22
issued from these additional crosses. 23
The hypothesis that a conspecific epistatic interaction between linked factors is necessary 24 and responsible for the hybrids' female sterility and fTRD explains quite well previous 25 observations, describing how the loss of heterozygosity by recombination on the upstream, 1 downstream or both O. glaberrima segments near S 1 , causes the recovery of female fertility 2 and the elimination of fTRD on S 1 s /S 1 g plants (KOIDE et al. 2008c; SANO 1990) . Furthermore, 3 it has already been shown that a similar, complex conspecific epistasis causes sterility and 4 TRD in Drosophila pseudoobscura inter-subspecific hybrids, where sterility was observed 5 only in males possessing an entire X-chromosome block derived from one of the parental 6 subspecies (bogotana), and not in the ones carrying independently each one of the involved 7 loci (ORR and IRVING 2005) . 8
Based on our data, the location for S 1 A and S 1 B can be predicted between marker 9 RM19350 and S 1 (210 kb segment in Nipponbare) and between S 1 and RM3805 (654 kb), 10 respectively. As for S 1 C, it might be located within the 9.2-Mb segment between RM204 and 11 RM3183. Interestingly, the inter-subspecific sterility locus S 5 is located within this large 12 region (CHEN et al. 2008) . (BATESON 1909; DOBZHANSKY 1936; MULLER 1942 In light of the available data, we considered several possible models where BDM (KOIDE et al. 2008c; SANO 1990) . And finally, 5 (5) the cytological observations during female gametogenesis of the hybrids, showing two 6 types of aborted female gametes: the ones characterized by the absence of embryo sacs, 7 probably due to an abortion during or just after meiosis; and the ones where embryo sacs have 8 less than seven cells (BOUHARMONT et al. 1985; KOIDE et al. 2008c) . 9
After consideration of the different models, we retained Model 1 (see explanation of the 10 different models in File S2: Genetic models.xlsx), as it is the only one that predicts well the 11 three following parameters: (1) The S 1 s observed frequency (f (S 1 s )), (2) the total rate of 12 gamete survival (D) observed as the final seed set of the hybrids, and (3) 
For the cross IR64xTOG5681, the presence of the additional factor S 1 C must be taken into 7 account when predicting the f ( (Table 1) . Consequently, the formulas for D and 13 f (S 1 s ) applicable to crosses where the effect of the S 1 C locus is present convert to: 14
and the estimates for r 1 and r 2 convert to: 17
Although the predictions made by Model 1 are the closest to the observed parameters, the 19 predicted values of f (S 1 s ) are slightly lower than the ones observed for the three japonica x 20 glaberrima crosses. The estimated f (S 1 s ) (around 3%) lays at the inferior bound of the 21 observed values. The S 1 A s -S 1 s -S 1 B s gametes seem to show some additional viability, meaning 1 that the effect of the S 1 region could show some level of incomplete penetrance. This 2 enhanced viability rate is still difficult to explain considering the available data, and could be 3 due to: (1) Unknown non-linked factors (that we were not able to detect), which rescue some 4 of the S 1 s gametes, and are segregating simultaneously with the three epistatic loci. (2) 5 Intraspecific polymorphism on the epistatic factors, as seen in other postzygotic barriers 6 (SWEIGART et al. 2007 ), likely to cause differences in the levels of the BDM incompatibility. 7
The existence of a sterility locus (S 10 ) observed in crosses between indica and japonica at the 8 same location of S 1 (SANO et al. 1994; ZHU et al. 2005) , favors the hypothesis of an allelic 9 variation. The possible differences that might exist between the indica and japonica alleles 10 for the S 1 A, S 1 and S 1 B loci, cause a certain level of sterility between the two O. sativa 11 subspecies, and may alter the allelic elimination of female gametes produced by the O. sativa 12
x O. glaberrima hybrids. 13
In summary, the predictions made by our model support the hypothesis that female sterility 14 in the O. sativa x O. glaberrima hybrids is caused by the allelic elimination of gametes, due 15 to a BDM incompatibility in an epistatic interaction between S 1 and the additional factors. 16 Differences in the observed fTRD between indica and japonica could be due to 17 polymorphisms within the two subspecies in S 1 A, S 1 , S 1 B, or S 1 C, or to the existence of other 18 unlinked factors that rescue some of the gametes. Accordingly, the final allelic frequencies for 19 a given cross would be determined by the alleles confronted in a given cross, the 20 recombination ratio between S 1 A and S 1 B, and by the presence of the S 1 C-mediated 21
incompatibility. 22
Genomic variations in the S 1 orthologous region and candidate genes: Divergent 23 evolution between closely related species may be the cause of reproductive isolation. In 24 Drosophila, a high level of gene divergence and strong positive selection appeared to be 25 mechanisms influencing the evolution of speciation genes (BARBASH et al. 2004; BRIDEAU et 1 al. 2006; PRESGRAVES et al. 2003; TING et al. 1998) the Sa locus in O. sativa (LONG et al. 2008) . Additionally, homologous F-box genes closely 10 related to our putative candidate are involved in the self-incompatibility system of Hordeum 11 bulbosum (KAKEDA 2009), proving that such genes can actually act as reproductive barriers in 12 cereals. From the two putative candidate genes described, this F-box protein is the one that 13 fits best with the genetic model of a BDM incompatibility in an epistatic interaction 14 developed in this paper to explain the female gamete elimination caused by S 1 . Taking into 15 account their ability to tightly interact with other proteins, the rising of incompatibilities after 16 divergences in the coding sequence of the interacting proteins seems to be a feasible 17 mechanism for this postzygotic reproductive barrier. Moreover, considering that the strong 18 hybrid sterility between O. sativa and O. glaberrima occurs independently of the direction of 19 the interspecific cross (BOUGEROL and PHAM 1989; SANO 1990; SANO et al. 1979) , while 20 hybrid dysgenesis, the possible mechanism explaining the role of gene 49I08.10 in the hybrid 21 dysfunction, is a unidirectional phenomenon, the F-box protein appears as a more consistent 22
candidate. 23
Perspectives: In this paper, we have described and modeled the complex nature of the 24 allelic female gamete elimination mediated by the S 1 locus. The knowledge generated by our 25 Tables   9   TABLE S1 .-SSR markers and PCR conditions used for saturation of chromosome 6. fTRD (k f ) Loci C 6 _ 2 1 7 7 4 C 6 _ 2 1 7 8 8 C 6 _ 2 1 8 0 4 C 6 _ 2 1 8 2 4 C 6 _ 2 1 8 3 7 R M C 6 _ 2 1 8 5 1 R M C 6 _ 2 1 9 4 2 R M C 6 _ 2 1 9 8 9 R M C 6 _ 2 2 0 2 8 R M C 6 _ 2 2 0 4 6 R M 1 9 3 5 9 
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